Analysis and Design of Second Order Switched Capacitor Filters by Hocevar, Dale Edward

ANALYSIS AND DESIGN OF SECOND ORDER 
SWITCHED CAPACITOR FILTERS
by
Dale E. Hocevar
This work was supported in part by the National Science Foundation 
under Grant NSF ENG 78-17815.
ANALYSIS AND DESIGN OF SECOND ORDER SWITCHED CAPACITOR FILTERS
by
DALE EDWARD HOCEVAR 
B.S., University of Tulsa, 1978
THESIS
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Electrical Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 1979
Urbana, Illinois
ACKNOWLEDGEMENTS
I would like to thank my advisor, Professor W. Kenneth Jenkins for 
his advise and guidance during the course of this work. Also, I express 
my thanks to the draftsmen of the Coordinated Science Laboratory for 
their work on the many figures in this thesis.
TABLE OF CONTENTS
CHAPTER PAGE
1 INTRODUCTION .............................................. 1
2 SWITCHED CAPACITOR CIRCUIT ANALYSIS ....................... 2
3 DESIGN PROCEDURE .......................................... 4
4 SENSITIVITY ANALYSIS ...................................... 9
4.1 Introduction ......................................... 9
4.2 Second Order Sensitivity ............................. 9
4.3 Third Order Sensitivity ............................. 12
5 ANALYSIS AND DESIGN EXAMPLES ............................. 15
5.1 Introduction .........................................15
5.2 Version 1 ............................................15
5-3 Version 2 ........................................... .23
5.4 Friend Bandpass ......................................28
5.5 Friend Lowpass With Parallel Capacitors ..............32
5.6 Friend Lowpass With Series Capacitors ................35
5.7 Lowpass Ladder With Series Terminations ..............38
5*8 Lowpass Ladder With Parallel Terminations ........... .42
5.9 Bandpass Ladder ..................................... 45
5.10 Bridged Twin T Bandpass ............................. 48
6 COMPARISON OF EXAMPLES ................................... 55
6.1 Introduction ........................................ 55
6.2 Bandpass Filters .................................... 55
6.3 Lowpass Filters ..................................... 57
7 CONCLUSION ............................................... 59
REFERENCES .......................................................  60
iv
1CHAPTER 1 
INTRODUCTION
Recently there has been an interest in a new type of frequency 
selective filter, the switched capacitor (SC) filter that consists of 
switches, capacitors, and OP amps. The reason for this is because SC 
filters can be implemented monolithically using MOS technology, thereby 
decreasing production costs. Also, the manufactured circuits have a 
better response tolerance, lower cost, and the inconvenience of 
post-production tuning is eliminated. This is in contrast to the more 
expensive hybrid process currently used for RC-active filters which 
requires a resistor tuning procedure to obtain accurate response. These 
advantages are due to the fact that the response of SC networks is 
dependent only upon capacitor ratios and the clocK frequency. Since 
present MOS technology provides nearly ideal MOSFET switches and 
capacitors, good OP amps, and highly accurate capacitor ratios, it is 
possible to obtain monolithic, highly accurate, SC filters.
In the literature several methods of design and synthesis have been 
presented [1]-[5]. Also, the foundation for a method of network 
analysis has been laid by Kurth, Moschytz, and Laker [6]—[8 ] which 
provides the means for derivation of the Z-domain transfer function. It 
is the purpose of this thesis to investigate the class of second order 
filters by examining a method for circuit analysis, design, and 
sensitivity analysis, to apply this analysis to both previously 
published and new circuits and, finally, to compare the circuits 
examined.
2CHAPTER 2 
SWITCHED CAPACITOR CIRCUIT ANALYSIS
The purpose of a procedure for SC circuit analysis is to provide a 
technique for deriving the Z-domain transfer function which will then be 
used in the sensitivity analysis and design equations. The method 
employed in this thesis is based entirely on the analysis procedure 
recently presented by Laker [8 ] and will only be discussed briefly here. 
This method assumes that only bi-phased switches are used where the 
switching frequency is f = 1 / t  and the input and output signals are 
sampled data signals with switch times at kT where 2 T = t . The bi-phased 
switches are closed for T seconds and open for T seconds. The
relationship between the analog S-domain and the discrete time Z-domain
Snris given by Z=e
The analysis in this thesis will be restricted to circuits with one 
input and one output which leads to the four port equivalent network 
shown in Fig. 2.1. The procedure used to apply this method to an SC 
circuit is to first label all switches as either being closed during 
even (e) or odd (o) time intervals and then to draw another circuit 
diagram by replacing all sections of the circuit with their equivalent 
Z-domain building blocks. In doing this, every node voltage in the 
original circuit is transformed into two voltages Ve and V° 
corresponding to the bi-phased switching of the network. The transfer 
function can then be derived using traditional network analysis from 
either input port to either output port. Usually only one phase of the 
input is transmitted through the circuit due to the circuit topology and
3only one output port is used. Thus, only one transfer function will be 
required.
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Figure 2.1 Four-Port Z-Domain Equivalent Circuit.
The examples to be shown later are slightly more advanced than the 
examples in reference [8 ], but can be easily understood if the reader is 
familiar with the material. Once the transfer function is obtained it 
is then used to derive the design equations and to compute the 
sensitivities.
4CHAPTER 3 
DESIGN PROCEDURE
After the transfer function has been derived the next step is to 
obtain a design solution from the filter requirements. The procedure 
used here assumes that the S-domain transfer function is known and so 
the design problem becomes one of finding the capacitor ratios from this 
function.
All the filters investigated have the property that their poles and
zeros are mapped from the S-plane to the Z-plane by the natural mapping, 
StZ=e . This means that a direct relationship between the coefficients 
of each transfer function can be found. If the S-domain denominator and 
Z-domain denominator are given as shown below,
S2 + ^  S + (0? • (3.1)
z2 - (2RCos0)Z + R2 (3.2)
where R is the radius to the pole and 0 is the angle to the pole, then 
the following relationships can be derived:
f - (3-3)
o = --TCF (3.4)
f o R
5(3.5)
e = ttfJ i -  ~ y ~* • (3*6)
In these equations F=fQ/fc , where f0 = u j0 / 2 t t , and fc = 1/T is the clock 
frequency.
The expresions for the transfer function coefficients, in general, 
are non-linear algebraic equations of the capacitor ratios. Since there 
are two design parameters F and Q, and since the number of variables in 
the equations is usually greater than two, there are extra degrees of 
freedom that can be arbitrarily specified. Next, solving for the 
denominator coefficients in tne Z-domain in terms of F and Q, by using 
equations (3 -2), (3 *5), and (3 .6 ), and equating them to their matcning 
expressions from the transfer function, one is left with two non-linear 
algebraic equations which can then be solved for the two unknown ratios.
The above procedure yields a method of deriving a design solution 
from a given F and Q. The question arises as to how well this Z-domain 
response matches the S-domain response. This is answered by recalling 
that the natural mapping is not one to one from Z to S but rather an 
infinite number of horizontal strips from the left half S-plane each map 
into the Z-plane unit circle. This produces the periodic frequency 
response characteristic of the Z-domain and leads to frequency aliasing 
when the S-domain response is non-zero at frequencies greater than fc/2, 
the half sampling rate. This aliasing effect is unavoidable and makes 
the Z-domain response only an approximation of the S-domain response.
6This approximation is very good if the S-domain response has a sharp 
cutoff and is small in magnitude at frequencies above the half sampling 
frequency. For bandpass and lowpass filters this can be accomplished by 
choosing F as small as possible and Q as high as possible.
As a demonstration of this approximation using a bandpass filter as 
an example, Table 3-1 has been computed. The numbers in the table 
represent percent differences in the values of center frequency (F) and 
Q as calculated from the response characteristic versus the design 
values. In other words, a Z-domain transfer function was first derived 
from each set of F and Q. The transfer function was then evaluated 
numerically to find the actual F and Q (by defining Q=(«o/bw, where bw is 
the 3dB bandwidth) and, finally, the two sets of variables were used to 
compute the percent differences.
A second order standard bandpass filter in the S-domain has its 
actual center frequency equal to the design value in the denominator (tt0, 
but, its bandwidth is not equal to U>o/Q as is generally assumed. 
However, for Q greater than 2 the error is extremely small and 
insignificant. This leads us to the evaluation of the table.
As can be seen the percent differences decrease in magnitude when F 
is decreased and/or Q is increased. Notice that the approximation is 
inaccurate for small Q and large F. However, throughout most of the 
region covered by the table the approximation is very good. This 
example demonstrates the validity of this design procedure and is useful 
as a design guide.
Table 3-1 Percent Differences Between Design Values and Computed Values for F and Q.
Design Value of F Design Value of Q
2 4 8 16 32 64 128
.02 .01$ .00$ .00$ .00$ .00$ .00$ .00$ $F
-.02$ -.01$ -.00$ -.00$ -.00$ -.00$ -.00$ $Q
.06 .08$ .02$ .00$ .00$ .00$ .00$ .00$ $F
-.23$ -.06$ -.01$ -.00$ -.00$ -.00$ -.00$ $Q
.10 .22$ .05$ .01$ .00$ .00$ .00$ .00$ $F
-.68$
-.17$ -.04$ -.01$ -.00$ -.00$ -.00$ $Q
.14 .44$ .11$ .03$ .01$ .00$ .00$ .00$ $F
-1.49$ -.36$ -.09$ -.02$ -.01$ -.00$ -.00$ $Q
.18 .78$ .19$ .05$ .01$ .00$ .00$ .00$ $F
-2 .88$ -.68$
-.17$ -.04$ -.01$ -.00$ -.00$ $Q
.22 1.26$ .32$ .08$ .02$ .00$ .00$ .00$ $F
-5.41$ -1.22$ -.30$
-.07$ -.02$ -.00$ -.00$ $Q
.26 1.97$ .50$ .12$ .03$ .01$ .00$ .00$ $F
-10.74$
-2.19$ -.53$ -.13$ -.03$ -.01$ -.00$ $Q
■^j
Once the design solution has been obtained the highest capacitor 
ratio or highest ratio parameter (HRP) can be determined for use as an 
evaluation measure. The HRP defines the maximum silicon area needed for 
any capacitor given that the smallest capacitor has an of area one. As 
part of the overall considerations, silicon area is an important factor, 
both from an economic and a realizability standpoint.
To compute the HRP it usually is necessary to evaluate all the 
ratios between all the capacitors in the circuit and to choose the 
maximum value. However, sometimes there are independent sections in the 
circuit where only ratios inside the sections affect the transfer 
function and not the ratios of capacitors between sections. In that 
case only the necessary ratios need to be evaluated.
9CHAPTER 4 
SENSITIVITY ANALYSIS
1 Introduction
The familiar biquadratic parameter sensitivities are a good measure 
to apply to second order SC filters when investigating their response 
sensitivity. These measures provide insight as to how the 
characteristics of the response depend on specific parameters and have
been widely used in RC-active filter analysis. The two sensitivities to
F o ibe used are S and Sx where the a . s are capacitor ratios.
^•2 Second Order Sensitivity
In order to compute the sensitivities the complete transfer 
function must be obtained from the methods discussed previously. When 
this function is derived it is essential that every capacitor in the 
circuit be listed as an individual variable so that the result is a 
function of all the variables. Then the sensitivities to every 
capacitor or to every ratio can be computed by the method developed in 
the following.
If one were to express F and Q as functions of only the capacitor 
ratios by using the transfer function and equations (3 -2 ), (3 *3 ), and
(3.4), and then analytically derive expressions for the sensitivities, 
one would find this to be an extremely complicated task. A much simpler
10
method can be obtained by applying the generalized chain rule of 
differentiation to the problem as snown in the following equations:
F F R F 0
V  V * .  + se Vi i i
(4.1)
(4.2)
By using equations (3*3) and (3-4) the following sensitivities are 
derived:
F = In R
R / K 24 tt F
(4.3)
(4.4)
(4.5)
iNext, the w s will be derived. By expressing the transfer
function denominator as,
(4.6)
where,
11
the following can be derived:
(4.10)
R ASolving for S and S° then substituting into (4.1) and (4.2) along 
o'. a . i i
with (4.3), (4.4), and (4.5) the following final result is obtained:
Oi.
A  =
4 tt F
/ 2 2 4 tt f
&iR+9Cot0 ^0 ^1 Sa U - (0Cot9)Sa
-0 +0jgn(R)Cot(9)
2 M
0 P0 1 
S - (0Cot0)S 
ot. a.i i
(4.11)
(4.12)
As can be seen from (4.11) and (4.12) it is only necessary to 
*0 * 1
derive s in order to compute the sensitivities. Since |3q and (3-^
®i
are algebraic expressions of the capacitor ratios this is very simple to 
do. However, although this method provides an easier procedure to 
obtain sensitivity expressions, neither metnod results in simple 
mathematical expressions. Rather, they result in large complex
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equations. Since that is the case it is not possible to quickly see 
what values the sensitivities are. However, a simple program which 
computes equations (4.11) and (4.12) over an array of values for F and 
Q, by solving the design equations for the ratios, can be written and 
will provide good insight to the sensitivity values over a certain 
design region.
In general this method provides a quick step by step procedure for 
evaluating the sensitivities of a second order SC filter.
^•3 Third Order Sensitivity
A third order filter usually has one real pole and one set of 
complex poles where the denominator can be numerically factored into a 
second order section times a first order section. This allows us to 
evaluate the response sensitivity by examining the biquadratic 
sensitivities of the second order section and the pole sensitivity of 
the first order section. However, since the denominator usually cannot 
be algebraically factored a method must be used to derive the 
sensitivities from this third order function. This has been done for 
the analog case as seen in [9]. The development for the discrete time 
case is shown here.
By defining the denominator in the following two ways,
Z3 + S9Z2 + 6,Z + 6
2 1 0
(4.13)
where,
52 = V - 2RCos9 (4.15)
(4.16)
(4.17)
the following system of equations results:
-2y RC o s 9
-2RCos9
2R -2yRCos6 
61
2
2R0Sin9
2yR9Sin9
6i
0
r
•H
L
_
W
.
.
1
s
a.i
sR
Oi.1
11 s#*Oi. 1
sl
1
s °
a
i
(4.18)
Then, by solving this set of equations for the following is
i
obtained:
2 60 #1 62 
R V  - « i V  + 62YV
;Y = - - - i_____ 1_ _ _ _ _ _ i
ot 2 2
i (R +  y +  2yRCos0)
(4.21)
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Now all the equations needed to compute (4.1) and (4.2) have been 
presented.
To compute the sensitivities it is necessary to derive expressions 
60 , 61 , 8 2for S from the transfer function and numerically compute
i
(4.1), (4.2), and (4.19) as discussed in section 4.2.
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CHAPTER 5 
ANALYSIS AND DESIGN EXAMPLES
5.1 Introduction
In this section nine circuit examples are presented which have been 
analyzed using the method described earlier. This clarifies the 
previous procedures and provides a reference to a sizeable group of 
filters.
All of these circuits have second order bandpass and/or lowpass 
responses and are comprised of one or two OP amps. In general the 
bandpass filters have been evaluated over a range of Q from 2 to 128 and 
the lowpass filters from about 0.5 to 128. The cutoff or center 
frequency to clock frequency ratio F was uniformly chosen over the range 
from 0 . 0 2 to 0 .2 6 which corresponds to sampling rates of 50 to 3 .8 5, 
respectively. These ranges of F and Q were presumed to be the most 
practical ranges for the types of circuits involved.
5*2 Version J_
In Fig. 5.1 the circuit for the Version 1 filter is shown. This 
filter, which realizes both bandpass and lowpass reponses, was 
introduced in SC form by Hosticka, Brodersen, and Gray [2].
16
Figure 5.1 Version 1 Bandpass and Lowpass Filter.
By replacing all sections of the circuit with their equivalent 
building blocks the very complex diagram in Fig. 5.2 results. Since the 
OP amps in these circuits are ideal many elements in Fig. 5.2 have no 
affect on the transfer function and can be removed. The result in 
Fig*5*3 is seen to be much simpler.
Next, by applying basic network analysis to the two pairs of 
coupled OP amps (as shown in greater detail in [8 ]) Fig. 5.4 is 
obtained. Both transfer functions are finally obtained by a second 
network analysis and are as follows:
H ,  ( Z ) - - 2 E -  — -------------- L 2 --------------------------------  ( 5 . 1 )
P V® Z -  ( 2 - O j ) Z  +  (1  +  a r ^ - c * 3 )
V.
V z) bp
V, - (2-c*3)Z + (1 + 0^2 - a3)
(5.2)
L
H 
n>
18
Cjd-z'1) C 2 [l+Z'1(a3 -l)]
•vb°p
Figure 5.4 Version 1 After Simplification.
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The design solution is then obtained in terms of R and 0 (as computed 
from F and Q using (3 .5)and (3*6)) by completing the procedure outlined 
in Chapter 3• Notice that the extra degree of freedom is constrained by 
setting = <*3 as done by Hosticka, et. al. The solution then is:
Computer results from a program which solves (5.3), (5.4), and 
computes the HRP over the range of Q from 1 to 128 are given in Table 
5.1. This table provides insight to the actual ratio values. The HRP 
can be used as a cost measure and to investigate the practical 
limitations of this circuit. Note that the HRP is very low over the 
entire array for Version 1.
The first step in computing the F and Q sensitivities is to derive 
the coefficient sensitivities,
(5.5)
(5.6)
(5.7)
Table 5.1 Alpha 1
Design Value of F
1 2
.02 .112 .201
.13 .08
9.0 13.1
.06 .271 .427
.43 .30
3.7 3.3
.10 .378 .549
.75 .60
2 . 6 1 .8
.14 .452 .623
1.07 .94
2 . 2 1 .6
.18 .504 .670
1.37 1.31
2 . 0 1.5
.22 .542 .702
1.63 1.67
1 .8 1.7
.26 .568
onC\J
r
-
1.86 2.01
1.9 2 . 0
Alpha 2, and HRP for Version 1 Filter.
Design Value of Q
4 8 16 32 64 128
.334 .501 .668 .801 .889 .941 Oil
.05 .03 .02 .02 .02 .02 Oil
21.5 3 2 . 0 42.5 50.9 56.4 59.7 HRP
.598 .749 .856 .923 .960 .979 Oil
.22 .18 .16 .15 .15 .14 Oil
4.5 5.5 6 . 2 6 .6 6.9 7.0 HRP
.709 .829 .907 .951 .975 .987 Oil
.50 .44 .41 .40 • 39 .39 Oil
2 . 0 2.3 2.4 2.5 2 . 6 2 . 6 HRP
.767 .868 .929 .963 .981 .991 Oil
.85 .79 .76 .74 .73 .73 Oil
1.3 1.3 1.3 1.3 1.4 1.4 HRP
.802 .890 .942 .970 .985 .992 Oil
1.25 1.20 1.18 1.16 1.16 1.15 Oil
1 .2 1 .2 1 .2 1 .2 1 .2 1 .2 HRP
.825 .904 .950 .974 .987 .993 a l
1.67 1.65 1.64 1.63 1.63 1.63 Oil
1.7 1.7 1.6 1 .6 1 .6 1.6 HRP
.839 .912 .954 .977 .988 • 994 Oil
2 .0 8 2.11 2 .1 2 2 .1 2 2 .1 2 2 .1 2 Oil
2.1 2.1 2.1 2.1 2.1 2.1 HRP
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Table 5.2 Sensitivity of F to Alpha 1 or Alpha 2.
Design Value Design Value of Q 
of F
1 2 4 8 16 32 64 128
.02 .50 .50 .50 .50 .50 .50 .50 .50
.06 .47 .47 .47 .47 .47 .47 .47 .47
.10 .39 .41 .41 .42 .42 .42 .42 .42
.14 .27 .31 .33 .33 .34 .34 .34 • 34
.18 .08 .17 .21 .22 .23 .24 .24 .24
.22 - . 2 0 - . 0 2 .05 .08 .10 .11 .11 .11
.26 - . 6 0 - . 2 6 -.14
-.09 - . 0 6 -.05 -.05 -.04
Table 5.3 Sensitivity of F to Alpha 3*
Design Value Design Value of Q 
of F
1 2 4 8 16 32 64 128
.02 .04 .02 .01 .01 .01 .00 .00 .00
.06 .15 .09 .06 .05 .04 .04 .04 .04
.10 .33 .20 .15 .12 .11 .10 .10 .10
.14
.59 .36 .27 .23 .21 .20 .20 .20
.18 .96 .58 .44 .38 .35 .34 .33 .33
.22 1.48 .88 .66 .57 .53 .51 .50 .49
.26 2.19 1.26 .94 .81 .75 .72 .71 .70
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Table 5.4 Sensitivity of Q to Alpha 1 or Alpha 2.
Design Value Design Value of Q 
of F
1 2 4 8 16 32 64 128
.02 .6 .8 1.0 1.5 2.5 4.5 8.5 16.6
.06 .9 1.3 2 . 0 3-5 6.5 12.5 24.4 48.2
.10 1 .2 1 .8 3.0 5.5 10.3 20 .1 39.5 78.4
.14 1 .6 2.4 4.0 7.3 13.9 27.1 53.5 106.2
.18 2 . 0 2.9 4.9 8.9 17.1 33*3 65 .8 130 .8
.22 2.3 3.4 5.7 10.4 19.7 3 8 . 6 7 6 .2 151.4
.26 2.7 3.8 6.3 11.5 21.9 42.7 84.3 167-6
Table 5.5 Sensitivity of Q to Alpha 3.
Design Value Design Value of Q 
of F
1 2 4 8 16 32 64 128
.02 -1 .2
-1.3 -1.5 -2 . 0 -3.0 -5.0 -9.0 -17.1
.06
-1.5 -1 .8 -2 . 6 -4.0 -7.0 -13.0
-24.9 -48.7
.10
-1.9 -2.4 -3.6 -6 .0 -10 .8 -2 0 .6 -40.0 -78.9
.14
-2.3 -3.0 -4.5 -7.8 -14.4 -2 7 .6 -53-9 -106.7
.18 -2 . 8
-3.5 -5.4 -9.4 -17.5 -33.8 -6 6 .2 -131.2
.22 -3-2 -4.0 -6 . 2 -10 .8 -2 0 .2 -39.0 -7 6 .6
-151.8
.26 -3.6
-4.3 -6.7 -11 .8 -2 2 .2 -43.0 -84.7 -167-9
23
B -of
1 ^
c*3 2RCos0 (5.8)
The coefficient sensitivities are then substituted into (4.11) and
(4.12) to obtain the F and Q sensitivities. This was done by computer,
the results of which appear in Table 5.2 through Table 5.5. Because of
the equality in (5.5) and (5.7) note that the F sensitivities to and
O'^  are equal. This is also true for the Q sensitivities. Notice that
F FS and S are rather small except for a portion of the
a l , a 2 a 3 3
sensitivity. This is typical of the F sensitivities for all the
circuits examined. In contrast, the Q sensitivities are large and
increase as Q and F increase which is a disadvantage.
A note to be made about this circuit is that the loss zero is not
exactly at Z=1 as for a traditional second order bandpass. Rather the
zero has moved slightly toward Z=0. This movement mostly affects the
frequencies lower than fQ by attenuating them less.
5*3 Version 2
Another circuit similar to Version 1 is tne Version 2 filter shown 
in Fig. 5.5 [2]. Again both lowpass and bandpass responses are 
available.
The analysis is done by drawing the equivalent circuit and reducing 
it to a simpler form as shown in Fig. 5.6. The transfer functions are 
obtained from solving a few node voltage equations which are easily 
written from inspection.
24
Figure 5.5 Version 2 Bandpass and Lowpass Filter.
-C1Z"V2
Figure 5.6 Simplified Equivalent Version 2 Circuit.
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H. (Z) - ^  = 
*
a a 
1 2
Z2 - (2-0'2-ala2)z + (l-£»2)
(5.9)
■
V®
H, (Z) - - 
bp vex
c^a-z) (5.10)
Z - (2-a2-Q'1Q'2)Z + (l-a2)
From (5.9) and (5.10) the design solutions follow.
“ 2 = 1 " r 2 (5.11)
_ 2(l-RCos9) , (5.12)
l a 2
The computer results showing a^, and the HRP are given in Table 
5.6. The HRP values are much larger than for Version 1 and they 
generally tend to increase with increasing Q, but decrease with 
increasing F.
The coefficient sensitivities quickly follow from the transfer 
functions.
(5.13)
(5.14)
(5.15)
p - a  
S °O' 2
2 R
a  - y 2
Q'1 2RCos0
Table 5.6 A1 pna 1, Alpha 2, and HRP for Version 2 Filter.
Design Value of F Design Value_.P_f QL
1 2 4 8 16 32 64 128
.02 .1 .3 .5 1 .0 2 . 0 4.0 8 . 0 16.1 crl
.118 .061 .031 .016 .008 .004 .002 .001 ot2
8.5 16.4 32.3 64.2 127.8 255.1 509.8 1019 HRP
.06 .4 .7 1.5 3.0 6 . 0 11.9 2 3 .8 47.7 Oil
.314 .172 .090 .046 .023 .012 .006 .003 0(2
3.2 5.8 11.1 21.7 42.9 85.4 170.3 340.0 HRP
.10 .6 1 .2 2.4 4.9 9-7 19.5 38.9 77.8 Oil
.467 .270 .145 .076 .039 .019 .010 .005 0(2
2.1 3-7 6.9 13 .2 2 6 .0 5 1.4 102.4 204.2 HRP
.14 .8 1.6 3.3 6 .6 13.2 26.4 52.8 105.5 0(1
.585 .356 .197 .104 .053 .027 .014 .007 0(2
1.7 2 . 8 5.1 9.6 18.7 36.9 73.3 146.0 HRP
.18 1.0 2 . 0 4.1 8.1 16 .2 32.5 65 .0 130.0 al
.677 .432 .246 .132 .068 .035 .018 .009 0(2
1.5 2.3 4.1 8.1 16 .2 32.5 65 .0 130.0 HRP
.22 1 .2 2.4 4.7 9.4 18 .8 37.6 75.2 150.5 c t l
.749 .499 .292 .159 .083 .042 .021 .011 0(2
1.3 2.4 4.7 9.4 18.8 37.6 75.2 150.5 HRP
.26 1.3 2 . 6 5.2 10.4 2 0 .8 41.6 83-3 166.5 0(1
.805 .558 .335 .185 .097 .050 .025 .013 0(2
1.3 2 . 6 5.2 10.4 2 0 .8 41.6 83-3 166.5 HRP
N)ON
B - a  -at a  
P1 = 2 1 2
2RCos0
( 5 . 16 )
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Again, substitution of these into (4.11) and (4.12) yields the F and Q
sensitivities. Note that because of (5.13) the F and Q sensitivities to
are equal. Computer results over the same array of F and Q as in 
Table 5.6 can be summarized as follows:
0.5 < S^’Q < 
1
0.66 (5.17)
0.5 < S ^  <
- •
(5.18)
-0.95 < < -0.35 . (5.19)
2
This summary is possible because the sensitivity values were small 
and relatively uniform over the array. Furthermore, this form of 
presentation is used for most of the remaining examples in lieu of 
presenting a large number of tables.
By comparison, the Version 2 Q sensitivities are much lower than 
for Version 1. But, the HRP is much higher for Version 2. This is a 
relationship which seems to be prevalent throughout these examples.
A practical problem with Version 2 is that it implements positive 
feedback to one OP amp. This may not be practically desirable because 
this allows certain parasitic capacitors at the inverting input to have 
an affect on the response. Furthermore, a nigher CMRR is required for
28
the OP amp.
5.4 Friend Bandpass
A single amplifier biquad (SAB) circuit that realizes a bandpass 
response has been demonstrated by Sutton [5]. Shown in Fig. 5.7, this 
filter was derived from the analog Friend bandpass SAB [10].
Using the previous techniques the reduced circuit in Fig. 5.8 is 
obtained. Notice that the feedback topology is considerably different 
than in the previous two examples. The two series capacitors in the 
feedback loop cause this difference.
By using the nodal analysis technique the following transfer 
function has been derived:
The extra degree of freedom has been used to reduce the sensitivity
. ( 5 . 20 )
by setting 0^=1. Numerical evaluation of the design solutions,
(5.21)
o'! = (l-RCos9-a2) (5.22)
29
GEiCZ
-1/2
Figure 5.8 Reduced Equivalent Friend Circuit.
Table 5.7 Alpha 1, Alpha 2, and HRP for Friend Bandpass Filter.
Design Value of F Design Value of Q
2 4 8 16 32 64 128
.02 .5 1.0 2.0 4.0 8.0 16.1 32.1 al
.030 .015 .008 .004 .002 .001 .000 0(2
33 65 258 1027 4099 16379 65482 HRP
.06 1.5 3.0 6.0 11.9 23.8 47.7 95.4 0(1
.086 .045 .023 .012 .006 .003 .001 0(2
17 66 259 1024 4072 16239 64859 HRP
.10 2.4 4.9 9.7 19.5 38.9 77.8 155.6 0(1
.135 .073 .038 .019 .010 .005 .002 0(2
18 67 258 1010 4002 15930 63564 HRP
.14 3.3 6.6 13.2 26.4 52.8 105.5 211.0 al
.178 .099 .052 .027 .014 .007 .003 o' 2
19 67 253 986 3892 15460 61629 HRP
.18 4.1 8.1 16.2 32.5 65.0 130.0 260.0 011
.216 .123 .066 .034 .017 .009 .004 0(2
19 66 246 952 3743 14841 59102 HRP
.22 4.7 9.4 18.8 37.6 75.2 150.5 301.0 0(1
.250 .146 .079 .041 .021 .011 .005 0(2
19 64 237 909 3560 14087 56045 HRP
.26 5.2 10.4 20.8 41.6 83.3 166.5 333.1 0(1
.279 .168 .092 .049 .025 .013 .006 0(2
19 62 225 858 3346 13217 52532 HRP
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along with the HRP are given in Table 5.7. The range of Q is from 2 to 
128.
The major disadvantage of the Friend circuit is that the HRP is
o
very large, approximately 4Q , for small F. This is a drastic 
difference as compared to Version 1 and Version 2, and presently limits 
implementation of this circuit to low Q applications.
Computer analysis of the sensitivities over tne array of F and Q in 
Table 5.7 is summarized as follows:
(5.23)
(5.24)
•0.85 < S < - 0 . 5
3
(5.25)
( 5 . 26 )
(5.27)
As is the case for the analog Friend, the SC Friend circuit also has
very low sensitivities.
Notice that this circuit has low Q sensitivities and the HRP is
2
proportional to Q . This same relationship was seen previously, but is 
much more significant in this circuit which employs only one OP amp.
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5.5 Friend Lowpass With Parallel Capacitors
The circuit in Fig. 5.9 was designed from an analog form of the 
Friend lowpass circuit [10] by Jenkins [11]. The method of resistor 
replacement by parallel switched capacitors was used.
Figure 5.9 Friend Lowpass Circuit With Parallel Switched 
Capacitors.
Circuit analysis yields the following transfer function:
H- (Z)
XP Ve
1
- * 2*4
Of + a ,O ' +cy O' +  c r cv. 
3 1 3 2 3 3 4
2 cr + cr a + cr » + o' cr - O' o' 
z2 _ 3 1 3  2 3  3 4  1 2  z +
. ( 5 . 28 )
V  *1*3 + *2*3 + *3*4
1 +o? + ^ 2 + ot^
The design solution comes after setting a ^  to minimize
sensitivities in the analog circuit.
(5.29)
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- O ' .
Oi
3 ( l + 3 a l )2RCos0-2-3a'1 (5.30)
Table 5.8 contains the evaluation of these equations and the HRP over 
the range of Q from 0.5 to 128.
The HRP grows extremely large in this table and is approximately
2
9Q for Q larger than 1 and small F. Again this is a disadvantage and 
limits realizability for high Q's. However, for the range of Q from 0.5 
to about 3 the HRP is reasonable. This is a likely design range for a 
lowpass section whereas a bandpass more typically requires a higher Q.
A summary of the sensitivity results is presented below.
0 .4 3 < sF
• l
CM
COII < 0 .66
- 0 . 6 6 < sF
3
-  s *  
“ 3
< - 0 . 5
0 . 0 < SF
“4
< - 0 . 1 5
- 0 . 1 6 < SQ
* 1 2
< 0 .3 8
(5.31)
- 0.34  < S'* <  - 0 . 2 4Oi
4
(5-32)
(5.33)
( 5 - 3 4 )
(5.35)
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These results show that this circuit has low sensitivity. Furthermore, 
the sensitivity and the HRP values are very similar to the values for 
the Friend bandpass circuit.
5.6 Friend Lowpass With Series Capacitors
Using the method of resistor replacement by series switched 
capacitors the lowpass circuit in Fig. 5.10 was synthesized from the 
same analog prototype as the previous example [11].
Figure 5.10 Friend Lowpass Circuit With Series Switched 
Capacitors.
The following transfer function results from the analysis:
Next, by allowing the desi8n solutions can be obtained.
These equations were much more difficult to derive in this example 
because of the increased complexity of the coefficient expressions.
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(5.37)
(5.38)
Notice that Cos0 has to be greater than R for to be positive. This 
severely limits the design range as the computer results show in Table 
5*9. The Q range was from 0.5 to 2 .3 . Also, the HRP is a reasonable 
value provided that the design point is not very close to the 
realizability cutoff line.
The sensitivities were evaluated over the same array and were 
observed to be very low.
- 0 . 0 6 Q! 0.0
(5.39)
(5.40)
(5.41)
- 0 . 4 5  <  <  0 .1 5Oi 01
1 2
(5.42)
Table 5-9 Alpha 1, Alpha 3, and HRP for Lowpass Friend With Series SC’s.
Design Value of F Design Value of Q
0.5 0.8 1.1 1.4 1.7 2.0 2.3
.02 .089 .051 .035 .026 .020 .016 .013 o il
.444 .152 .072 .040 .025 .016 .011 ot3
11.2 19.6 28.8 38.8 49.7 62.1 91.4 HRP
.06 .305 .141 .080 .049 .030 .018 .008 Oil
.444 .111 .039 .015 .006 .002 .000 a 3
3.3 9.0 25.9 66.4 170.8 497.6 2113.3 HRP
.10 .583 .204 .085 .028 o i l
.444 .072 .014 .002 a 3
2.3 13-9 71.2 610.7 HRP
.14 .940 .227 .038 o i l
.444 .039 .001 oi3
2.3 25.7 778.2 HRP
18
,22
26
1.399
.444
3.1
1.989 
.444 
4.5
2.748
.444
6 . 2
.192
.014
69.1
.080
.001
683.5
o i l
oi3
HRP
Oil
0/3
HRP
Oil
0l3
HRP
u>
~^i
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-0.45 < SQ < 
*3
0.45
-0.3 < £  < 
4
0.0
In practical designs, second order lowpass sections are often low Q 
sections, thus this circuit is applicable in those cases.
5.7 Lowpass Ladder With Series Terminations
A lowpass design using two OP amps is shown in Fig. 5.11. The 
ladder design technique was used to synthesize this circuit which 
implements series switched capacitors for the resistor terminations.
Figure 5.11 Lowpass Ladder Filter With Series SC Terminations.
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The transfer function is as follows:
In solving for the design solution it was found that two solutions 
exist which are interrelated. These come from solving a quadratic 
equation and the first solution is superscript with a + and the second 
with a -. The solutions are as follows after allowing and a 2=c*4 :
(5.46)
where,
(5.47)
(5.48)
(5.49)
The following relations hold between the two sets of solutions:
(5.50)
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(5.51)
The evaluation of these solutions and the HRP over the range of Q
from 0.5 to 1.1 is given in Table 5.10. These results show that
solutions do not exist for the entire design range and that the HRP is 
low.
The sensitivities are as follows:
0.27 < F,Q 
+ - + - 
a'1,a'1,a2,c*2
< 0.60
0.15
F
< S + - 
*3’*4
< 0.23
a
0.02 F
< S + - 
V a3
< 0.23
-0.57
< sQ+ -
a  cx 
3 4
< -0.14
-0.25
< sQ+ - 
a .a 
4 3
< 0.10
(5.52)
(5.53)
(5.54)
(5.55)
(5.56)
These are low sensitivities and they are the same for both sets of 
solutions except with respect to different variables. This implies that 
from a sensitivity point of view it makes no difference which set of 
solutions is used. However, from other points of view, such as layout 
considerations or parasitic capacitance affects, the choice of solution
Table 5.10 Alpha 1+, Alpha 2+, and HRP for Lowpass Ladder With Series Terminations.
Design Value of F Design Value of Q
.02
.06
. 10
0.5
.2
.03
31.4
1.0
.07
14.8
2.3
.07
13.4
0 . 6
.2
.04
23.2
.7
.10
10.5
1 . 6
.11
8.9
0.7
.1
.06
16. 1
.5
.13
7.4
1.1
. 16
6 . 2
0.8 0.9 1.0 1 . 1
a l +  
cx 2+  
HRP
.3
.22
4.5
.23
4.3
a l +
a 2 +
HRP
a l +
a 2 +
HRP
.14 4.5 2.9 2.0 1.4 1.0 al+
.07 .11 .16 .23 .34 a 2 +
15.2 9.4 6.3 4.4 2.9 HRP
.18 8.1 5.0 3.4 2.4 1.7 1.1 al+
.05 .09 .14 .21 • 30 .47 0(2+
19.6 11.2 7.2 4.9 3-3 2.1 HRP
.22 14.3 8.4 5.5 3.8 2.7 1.9 1 .2 <21 +
.04 .07 .12 .17 .25 .37 .62 0(2+
27.1 14.3 8.7 5.7 3-9 2.7 1.6 HRP
.26 24.6 13.5 8.5 5.8 4.1 2.9 2.1 al+
.03 .05 .09 .14 .21 .30 .44 0(2+
39.4 19.2 11.1 7.1 4.8 3.3 2.3 HRP
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sets may be important.
5*8 Lowpass Ladder With Parallel Terminations
The circuit in Fig. 5.12 was derived in the same manner as the 
previous example except that parallel switched capacitors were used for 
the resistor terminations.
\\
c 2
F P - 6 6 8 8
Figure 5.12 Lowpass Ladder Filter With Parallel SC Terminations
Network analysis yields the following transfer function:
V1 Z +(<*2 + “3 + “1<*2 - 2)Z + (1 -0f2 -Q'3 +Q'2 +«3)
(5.57)
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In solving tne design equations again two related solutions exist 
after allowing •
+ -2RCos0~R2+3 , 1 ((-2RCos0-R2+3)2 + 8(R2-2RCos0+l) 'Q1 ' 4 ' 4 V
2
+ R -2RCos9+l
a * ----r------
2 2Qf (5.59)
These solution sets are related by (5.50) and (5-51).
By analysis it was found that these solutions exist only for Q’s 
less than approximately 0.707* Table 5.11 shows the evaluation over the 
range of Q from 0.5 to 0.7* The HRP is low in this area.
The sensitivities can be summarized as follows:
0.25 < SF;Q < 0.32
oi a  
V I
( 5 . 60 )
0.50 < S < 0.86
a 2
0.27 < SF b + 
a3
< 2.83
0.07 < sQ b +
Oi
2
< 0.55
(5.61)
(5.62)
(5.63)
Table 5.11 Alpha 1+, Alpha 2+, and HRP for Lowpass Ladder With Parallel Terminations.
Design Value of F Design Value of Q
0.50 0.55 0.60 0.65 0.70
.02
.193 .170 .148 .126 .098 Ctl +
.036 .042 .048 .057 .074 0(2+
27*7 24.1 20.8 17.6 13.5 HRP
.06 .475 .428 .382 .334 .268 0(1+
.104
.119 .136 .160 .202 0(2+
9.6 8.4 7.3 6.3 4.9 HRP
.10 .659 .607 .554 .494 .414 0(1+
.165 .188 .214 .248 .305 0(2+
6.1 5.3 4.7 4.0 3.3 HRP
.14 .779 .731 .679 .619 .537 U l+
.220 .248 .281 .322 .385 0(2+
4.6 4.0 3.6 3.1 2.6 HRP
.18 .858 .817 .771 .716 .641 al+
.267 .300 .337 .382 .446 0(2+
3.7 3.3 3.0 2.6 2.2 HRP
.22
.909 .876 .838 .791 .726 0(1+
.309 .344 .384 .431 .493 (S'l+
3.2 2.9 2.6 2.3 2.0 HRP
.26 .942 .917 .886 .847 .795 0(1+
.344 .381 .422 .469 .528 0(2+
2.9 2.6 2.4 2.1 1.9 HRP
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F
0.52 < S
“2
< 3.15
0.25 < S < 0.54
*3
1.83 < S \  < -0.07
O'”
(5.65)
( 5 . 6 6 )
(5.67)
-0.18 < < 0.24
Oi.
( 5 . 68 )
These values are low except for a few areas where the magnitudes are 
greater than 1. The sensitivities are different for the two solution 
sets which implies that for a particular design case one choice might be 
better than the other.
5*9 Bandpass Ladder
The bandpass filter in Fig. 5.13 as presented by Jacobs [12] is 
another ladder filter with parallel terminations.
The usual analysis gives the transfer function.
V z)
IL
ve z + ( ^ 4 0 ^ - 2  )Z + (i-a4)
(5.69)
For this ladder circuit the design solution is easily obtained from 
the equations assuming cri=a3= 0^/2 .
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F P - 6 6 8 9
Figure 5.13 Bandpass Ladder Filter.
(5.70)
-2(RCose-a +1) 
a  -  i  (5.71)
2 a
Table 5.12 displays the evaluation over Q from 2 to 128. Inspection 
shows that the HRP is roughly linear with Q and usually decreases with F 
increasing.
Sensitivity analysis reveals that:
(5.72)
(5.73)

0.0 < < 0.35
4
(5.74)
48
-1.2 < < -1.0 . (5.75)
4 |
As for the other ladder filters these sensitivities are also low.
An interesting point is that the design solution for this circuit
is the same as for the Friend bandpass filter. However, the HRP is
2
proportional to Q not Q as for the Friend which is a significant 
reduction. This is due to the fact that there are two OP amps and the 
transfer function does not depend on the cross ratios between the two OP 
amp subcircuits.
5.10 Bridged Twin T Bandpass
A new circuit design realizing a bandpass response with one OP amp 
is shown in Fig. 5.14. The method of parallel SC resistor replacement 
was used to derive this circuit from its analog prototype. This 
prototype, which employs a bridged twin T RC network [13] in the 
feedback loop, is actually a third order circuit. However, a pole-zero 
cancellation occurs on the real axis which means the circuit has a 
second order response. The same is true for the SC version.
Derivation of the transfer function was a very tedious procedure. 
The complete form is given first:
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±  ~ L  T  '
T a3C T a6C T a4C
, E >
w . bp
F P -669 0
Figure 5.14 Bridged Twin T SC Filter.
V z) vh_b£
V?
a   ^ } P 01 MX +01 
__1_______\ 3 4 6
3 2 
Z + 62Z + 6jZ + 6
(5.76)
where,
By imposing these conditions: cVq =Q'j=1> ^ 3 2» and ^ 5 =2, the
simplified transfer function is obtained.
Z2 + (2aM*3+2a2+a'2-2)Z + (l-2c*2)
-2»3(Z-1)
( 5 . 8 0 )
The design solutions follow quickly from (5.80).
(5.81)
lo i2 + 2 - 2RCos0 ( 5 . 82)
A numerical evaluation is given in Table 5.13 of the design solutions 
and the HRP over a Q range from 2 to 128. In contrast to the Friend 
circuit the HRP in this case is linear with Q and is approximated by 
2Q/ttF.
The sensitivity analysis was done by following the procedure in 
Chapter 4 for third order functions. This involved deriving the 
coefficient sensitivities from (5 .7 7), (5 -7 8), and (5 .7 9), and 
developing a program to compute the F, Q, and y sensitivities.
The results showed that the y sensitivities were very low in 
magnitude, always less than 0.5 and typically much less. The F 
sensitivities were usually between 0.25 and 0.50 in magnitude except
Table 5.13 Alpha 2, Alpha 3, and HRP for Bridged Twin T Filter.
D e s ig n  V a lu e  of F D e s ig n  V a lu e  of Q
2 4 8 16 32 64 128
.02 .030 .015 .008 .004 .002 .001 .000 0(2
.097 .110 .118 .121 .124 .125 .125 cr3
65.7 129.3 256.7 511.3 1020.6 2039.2 4076.4 HRP
.06 .086 .045 .023 .012 .006 .003 .001 0(2
.282 .324 .348 .361 .368 .371 .373 a  3
23.3 44.5 86.9 171.8 341.5 681.1 1360.1 HRP
.10 .135 .073 .038 .019 .010 .005 .002 0(2
.453 .526 .570 • 593 .605 .612 .615 u3
14.8 27.5 53.0 103.9 205.7 409.4 816.9 HRP
.14 .178 .099 .052 .027 .014 .007 .003 0(2
.609 .714 .778 .814 .832 .842 .847 0(3
11 .2 20.3 38.4 74.8 147.5 293-0 584.1 HRP
.18 .216 .123 .066 .034 .017 .009 .004 0(2
.745 .885 .971 1.019 1.045 1.058 1.065 0(3
9.3 16.2 30.3 59-8 120.4 241.7 484.2 HRP
.22 .250 .146 .079 .041 .021 .011 .005 0(2
.863 1.035 1.145 1 .207 1.240 1.257 1.266 Q! 3
8 . 0 14.2 28.9 58.3 117.3 235.4 471.5 HRP
.26 .279 .168 .092 .049 .025 .013 .006 0(2
.960 1.164 1.297 1.374 1.415 1.436 1.447 0(3
7.2 13-9 28.1 56 .6 113.7 227-9 456.4 HRP
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with respect to c* q , and a 2 where they sometimes approached 0.7. In 
contrast though, the Q sensitivities were not as uniform and are 
presented in Table 5.14 through Table 5.17. This is excluding the Q 
sensitivity to a ^ which was between -0.8 and -1.0. As seen in the 
tables the sensitivities approximately increase linearly with Q and 
decrease somewnat with F. Notice the tradeoff between the HRP and Q 
sensitivities as compared to the Friend bandpass.
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Table 5.14 Sensitivity of Q to Alpha 0 or Alpha 1.
Design Value Design Value of Q 
of F
2 4 8 16 32 64 128
.02 - . 2
-.7 -1 .6 -3.5 -7.3 -14.8 -2 9 .8
.06 - . 2 - . 6 -1.4
-3.1 -6.5 -13.2 -2 6 .6
.10 -. 1
-.5
-1.3 -2 . 8 -5.8 -11.8 -2 3 .8
.14 -. 1
-.5 -1 . 2 -2.5 -5.2 -10.7 -21.5
.18 -. 1 -.4 -1.1
-2.3 -4.8 -9.7 -19.6
.22 1 -.4 -1.0 -2.1 -4.4
-8.9 -17.9
.26 -. 1 -.4
-.9 -2 . 0 -4.0 -8 . 2 -16.4
Table 5.15 Sensitivity of Q to Alpha 3 or Alpha 4.
Design Value Design Value of Q 
of F
2 4 8 16 32 64 128
.02 - . 1
-.5 -1.4 -3-3 -7.0 -14.6 -2 9 .6
.06 - . 0 -.4 -1 .2
-2.9 -6 . 2 -12.9 -26.3
.10 - . 0
-.3 -1.1 -2.5 -5.5 -11.5 -2 3 . 6
.14 .0
-.3 -.9 -2 . 2 -5.0 -10.4 -2 1 . 2
.18 .1 - . 2 - . 8 -2 . 0 -4.4 -9.4 -19-2
.22 .1 - . 1 - . 6
-1.7 -4.0 -8.5 -17.5
.26 .2 - . 0
-.5 -1.5 -3.6 -7-7 -16.0
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Table 5.16 Sensitivity of Q to Alpha 5.
Design Value Design Value of Q 
of F
2 4 8 16 32 64 128
.02 1 .0 1.9 3.8 7.5 15.1 30.1 60 .2
.06 .9 1.7 3.4 6.7 13.4 2 6 .8 53.6
.10 .8 1 .6 3.1 6.1 12.1 24.1 48.2
.14 .8 1.5 2 . 8 5.5 11.0 2 1 .8 43.5
.18 .8 1.4 2 . 6 5.1 10.0 19.9 39.6
.22
.7 1.3 2.4 4.7 9-2 18.2 3 6 . 2
.26 .7 1 . 2 2.3 4.3 8.4 16.7 33.2
Table 5.17 Sensitivity of Q to Alpha 6 .
Design Value Design Value of Q 
of F
2 4 8 16 32 64 128
.02 .5 1.4 3.3 7.0 14.6 2 9 . 6 59-7
.06 .4 1. 2 2.9 6 . 2 12.9 26.3 53.1
.10 .3 1.1 2 .6 5.6 11.6 2 3 . 6 47.6
.14
.3 .9 2.3 5.0 10.4 21.3 43.0
.18 .2 .8 2 . 0 4.5 9.4 19.3 39.0
.22 .1 .7 1.8 4.1 8 . 6 17.6 35.6
.26 .1 .6 1 .6 3.7 7.8 16.0 3 2 . 6
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CHAPTER 6 
COMPARISON OF EXAMPLES
6 .1 Introduction
The purpose of this chapter is to make some general comparisons 
between the examples that were just presented. The bandpass and lowpass 
filters will be compared separately. As a basis for comparison the 
number of OP amps required, the magnitudes of the Q sensitivities, and 
the HRP values will be used.
6.2 Bandpass Filters
Among the five bandpass filters presented in Chapter 5 there are 
some distinct differences and similarities. To be uniform, the filters 
are all compared over the same range of F and a Q range from 2 to 128. 
Because of the size of this array it is difficult to be specific in 
characterizing these filters. The statements made are only 
approximations regarding the filter’s behavior over the entire array.
These general characterizations for each of the five filters are 
presented in Table 5.18. Interesting points to note from the table are 
the numerous tradeoffs. For the SAB circuits the Friend has low 
sensitivity but enormous HRP values, whereas the BIT has a better HRP 
relationship to Q, at the cost of increased sensitivities. The same 
type of tradeoff is present between the Version 1 versus the Version 2
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Table 5.18 Comparison of Bandpass Filters.
Type of 
Circuit
No. of 
OP amps
Q Sensitivity 
Magnitude
HRP
Values
Approximate 
Relation of 
HRP to Ladder
BTT 1 Proportional 
to Q
Proportional 
to Q
1.25 to 2 
times greater
Friend 1 Low Proportional
2
to Q
Much higher
Ladder 2 Low Proportional 
to Q
Reference
Version 1 2 Proportional 
to Q
Low Much Lower
Version 2 2 Low Proportional 
to Q
0.5 t ime s 
smaller
and Ladder. Notice from the table that the product of the sensitivities
o
and the HRP values is proportional to Q for the SAB’s, but for the two 
amp circuits it is proportional to Q which is much lower. Also, on a 
slightly more specific level, the Ladder and Version 2 are about the 
same except that the Ladder has approximately twice the HRP value of the 
Version 2.
6.3 Lowpass Filters
In Chapter 5 six lowpass filters were examined, including two which 
also have bandpass outputs. Since some of these circuits can realize 
high Q’s the comparison will be done first over a low Q range of about
0.5 to 2 for all the filters and second from 2 to 128 for the extended 
filters.
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Table 5.19 Comparison of Lowpass Filters Over High Q Range.
Type of 
Circuit
No. of 
OP amps
Q Sensitivity 
Magnitude
HRP
Values
Version 1 2 Proportional 
to Q
Low
Version 2 2 Low Proportional 
to Q
Friend
(parallel SC) 1 Low
Proportional
2
to Q 
(higher offset)
For the low Q range the sensitivities and the HRP values are not 
uniform and do not seem to follow a simple pattern. They are relatively 
low in this region though. For this reason all the lowpass filters are 
classified as being approximately equivalent in this low Q range. Of 
course, for a specific application and design choice, a more specific 
comparison can be made.
Over the high Q range there are only three circuits that will be 
compared. In Table 5.19 some general characterizations are presented. 
The same tradeoffs between HRP and Q sensitivity are seen between 
Version 1 and Version 2. Likewise, the same difference in the product 
of the sensitivities and the HRP values is seen between the SAB Friend 
and the two amp circuits. Furthermore, the Friend as a higher 
proportionality constant than the Version 2 for the HRP so even for 
lower Q’s the HRP is usually higher for the Friend.
Looking back at the second order RC active filters from which 
these SC filters were synthesized, the same general trends can be seen. 
For most of the circuits discussed, their RC active prototypes have very 
similar sensitivities and element spreads, (HRP’s), and the differences 
between the various topologies are the same. If these discrete time SC 
filters are looked upon as being approximations of the continuous time 
RC filters then these results should be expected.
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CHAPTER 7 
CONCLUSION
The class of second order SC filters has been investigated, mostly 
using tools in the Z-domain, by first examining a method for circuit 
analysis. The purpose of this method was to obtain a transfer function 
from an SC circuit in a straightforward manner. Secondly, a design 
procedure which produced the ratio values was presented and the 
approximations it contained were examined. Thirdly, the biquadratic 
sensitivities were chosen as a measure and a method for computing them 
from a given second or third order transfer function was presented.
The next step was to apply and demonstrate this entire method of 
analysis to several circuits. Nine filters in all were examined with 
either bandpass or lowpass responses. The transfer functions, design 
tables, general senstitivity values, and comments were included. Later 
all the circuits were compared and a few generalizations made about 
their characteristics.
In retrospect this thesis reviewed and presented a method for the 
analysis of second order filters and then investigated several circuits 
by using that method, drawing comparisons in the end. The library of 
examples provides a reference of these filters. The analysis method can 
be applied to other second order filters found in the literature or to 
those developed in the future.
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